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INTRODUCTION 

. /^ROPS sucli as alfalfa, red clover, soybean, vetcli, bean, and 
1 \J others belonging to the pea fiiniiiy areconinionly called legnmes 
I or leguminous plants. Tliey have been grown by fanners since the 
dawn of agriculture, and at present iimny species are planted exten- 
sively all over tite world. Under natural conditions, also, legumes 
occupy a prominent place. Tlieir iiiiportance, aside from the many 
economic uses to which they are put, lies mainly in the fact that they 
are usually richer in proteins than otlier plants and that much ol the 
nitrogen in these proteins comes from the atmospliere. 
l' Legumes arc essential to a well-rounded agiicultural nrogram, since 
I by their high nitrogen content they balance the carbohyarates of cereal 
I and root crops. Plants that are not legumes (or nonlegmnes, as they 
\ are called) derive their supply of nitrogen entirely from the soil. 
Legumes may take nitrogen from the soil also, but in the presence of 
certain bacteria, which form characteristic growths on their roots, 
they have access to the nitrogen of the air. The plant houses and 
I feeds the bacteria while they, through some unexplained process, carry 
! on nitrogen fixation. Without bacteria legumes take no nitrogen from 
j the air, and without legumes these bacteria are of no appreciable 
4 benefit to the soil ; to perform satisfactorily the nitrogen-fixing f niic- 
j tion, the plants and bacteria ilinst work together. 

The root growths in which these bacteria live on legumes are called 
I nodules or tubercles, hence the bacteria are commonly known as root- 
, nodule bacteria, legume bacteria, and sometimes as rhizobia. Koot- 
I nodule bacteria are very minute organisms, visible as a mass in nodules 
I and singly only by means of powerful microscopes. 

Most farmers know that available nitrogen in the soil is necessary 
I for the satisfactory growth of crops, that nitrogen is easily lost from 
j the soil by leaching, and that nitrogen fertilizers are expensive to buy. 
I In some few instances nature may have provided nitrogen in abuii- 
i I330-— 37 • 1 
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dance, but in most soils, particularly those in humid sections, the sup- 
ply is always limited and must be supplemented from time to time if 
fertility is to be maintained. This may be accomplished by additions 
of mineral nitrogen, many forms of which may be purchased, by addi- 
tions of organic matter consisting of plant and juiimal residues, or by 
additions of atmospheric nitrogen made available through the activi- 
ties of le^mes and their bacteria. The nitrogen combined in legume 
tissues is in organic form and as such is not immediately available 
when plowed under. After legumes are plowed under, other groups 
of soil bacteria, universallj; distributed, assume the task of gradually 
decomposing the organic nitrogen into an available form, which may 
be used by either legumes or nonlegumes. 

ROOT NODULES, THE SEAT OF NITROQBIt- FIXATION 

If nodule organisms are abundant in the soil, legume roots spread- 
mg m that soil come in contact with them early in their growth 
These bacteria, being specially adajjted for growth on the legume 
roots, spread over them. If conditions are favorable nodules begin 
to appear in about 15 days after seed germination (fig. 1). While 
contact tetween bacteria and root is necessary for the starting of 
nodules, favorable soil conditions are also essential to their establish- 
ment. 

Since nodules are the principal superficial indication that nitrogen- 
hxing legume bacteria are present, everyone interested in agricultural 
work should be familiar with them. True nitrogen-fixing nodules 
should not be confused with galls or fdse nodules initiated by disease 
bacteria and nematodes which, fortunately, occur less constantly than 
legume nodules. Disease growths of this type are shown in figure 2. 

At the approach of maturity and sometimes during dry periods 
nodules disappear With this in mind, cxaminationi for Aodules 
should preferably be made when plants are young and vigorous and 
after moisture has been reasonabfy i)lentiful in the soil for a short 
time. Since nodules are easily detached from roots, care must be 
exercised ni taking them from the soil. In light, sandy soUs it is 

Kr L'^.SS/'l T'' ^"vrounding soil and dislodge the 
latter by gentle shaking. A sjmde or other sharp digging tool is Useful 
in raising soil and roots. Plants in heavy soils shoiTra bi lifted wHh a 
spade, and the resultmg soil block soaked or sprayed with water to 
expose the roots.. To obtain a general idea of tle^^^^^ormity of 

snS^noHbh th'" °' J"'^"'/^ accordance with age and the 
species upon which they are formed: those on red clover (fi'- 3 A) 

sTze'wSro'nTelveVh" ''1'^'" ^^"^ infermedift 
Sni rL 8 « 4^^^ ^^'''''^ -H^" hulled black 

^^alnut (Iig. 3, B). Shape also vanes with species. Soybean and 

T:T\Tu^'' are usually round and pealike (fig.1 4) ^ Those of 

S n ;^un?'llt' nX' ^"'^ or club-raped 

JnA t l*iter under some conditions forking at the unattached 

S W W^l^^ ^7'^- tlfe forking con hmes, 

;ie^ter fi£r 3:rand fl'-^^^^^ ^--P^- °* ^^^^ nodules 
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PioTiRB 1. — Soybean root with KoMw ta Maal aijundance. 
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On account of their succulent nature and richness in protein 
Jegiime root nodules offer a source of food to soil-inhabiting insects' 
Aodules on coM-pea and related legumes are occasionally attacked 
by larvae of the bean leaf beetle {Ceratoma tnftircata), and quite 
commonly the grape mealybug {Pseudococcus maritimus) is found 
feeding on the nodules of clover, soybean, lespedeza, and other 
legumes (fig. 5). ^ j i , 




FiolfliE 2.- 



Xemaiodo 



D, bacterial galls. 



no?ules 1!^^ twZ '"'^"^ ^^^^^^^'^t^^ leguminous plants form 
to there are . f e\v °v • '^"^'T* ^^'^"^ "le proper bacteria, 

k mv clJimS^te.^^^^ apparently do not prodice them uiidei' 
iS^^^ th^f^v^ ete lioiieylocust {GJeditsia 

i^iZl (cllh^^ i^^y^^odadu, dioica), American 
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On some nonlegiimes normal root, growths, resembling snpevficially 
the nodules of legumes, are fonnd. Two inrlividual specimens of 
these are shown in figure 6. They regularly occur on such common 




Fitjiim* 3. — A, IJert clover noiinlos; ft, v(>lv<>tbf>nn ikmIhIor. 

wild nouleg\unes as alders, Jersey-tea (^Ccanofhvfi americanvx), russet 
buffaloberry {Lepargyrea canademis), horsetail-trco {('asvarina 
equi-^etifolia) , and the cycads. The function of these nodules is not 
well understood, but they apparently are necessary for the nutrition 
of their host. 




K:et)*« Ci)iW»«» noOaien ; H, «lf(Uf« netlnlaH. 



NODULE SACTSRIA NOT ALL THE SAME 

All nodule bfteteria hate t\n s»me general function, but tliey are 
not identical in their ability to produce nodules on various species 
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of Jegumes. This divides them into kinds or species. Some species 
cause nodules to form on the roots of a wide range of leguminous 
plants, whereas others are apparently capable of functioning on one 
or only a few species. If nodule bacteria from one kind of legume 
produce nodules upon another kind, and vice versa, the organisms 
of the two plants are said to cross-inoculate. Cross-inoculation tests 
have defined group relationships among tlie nodule bacteria of the 





n-auE 5.— nisect P^sts on nodules: A, Grape mealybugs on Koybtau notlules • /! bean 
le.if Iwetle Jarv.ae eatins cowpca nodules. "wuu™ , ii, oean 

lTsfT?n'l?,i°{' ''^^^'""^ '"'^ i" the following 

ists ni ^^hich legumes which produce nodules with the same race of 
bacteria are grouped together. 



J. ALPAI.FA OnOUP 

(."omiiHin name a . 

i,f„if Scientific name 

A raita ilcdieago Hutim 

'""f ^^''^ • 

c«ju^|a .„r..over.::::::::::::::::::: r^t-.l^r"'" 

i^tiiugrttK TrigoneUa focnum-ijrae- 

White sweetclorer ilri? "'«^«'«*» 

Yellow sweetelover.": 5 V-"" 

Yellow trefoil . vJtnTI' 

2. BED CLOVEH OKOUP 

Alsike clover I'^.-f^j- , , ., 

Crimson clovet Infohnm hybrrdmn, 

Hopriovpr... Z- "'('""'."f"'" 

Mammoth ml ciovorSS. l' tf'Tr.. 

::::::::::::::: t. 

m.if..,ovi;:::::::::::::"::::::::~:: ^ 
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S. COWPEA GROUP 

Common name Scientific name 

Cowpea Vlffiia siriensiii 

Florida l>eggurwee(l _- Demnodiinit ptirpiircum 

Jacltbean Catiavalia cnsiforiiiis 

Common lespedeza Lcspcdcxa striata 

Korean lespedeza L. stipiilaceti 

Perennial lespedeza L. acricea 

Crotalaria Crotaktria sfr1(tta 

Kudzu-beaii . : -PHeraria thnnlerffUma 

Lima bean ,1 Phaseoliis lunatiis macro- 

4 carpus 

Partridge-peft ^ Ohuniuvchvlsta fascicvJata 

Peanut , Aradiis liypogaea 

Pigeonpea Gajanns indicus 

Hoary tickclover Dcsmoditim caiicscrns 

Teparybean 1 I'haseoliis acvtifoliiis lati- 

folhis 

Velvetbean Stizololinm decriiipianiim 

4. SOTBKAN GROUP 

Soybean Soja max 

B, GARDEN BEAN GROl'P 

Garden and navy bean Phaseoh** mlgmit 

8. \'BrCH GROUP 

Field pea Pixiiin arvrnse 

Common vetch Vicia satiru 

Garden pea Pisum sativum 

Hairy vetch Vicia rillosa 

Broadbean (horsebc>an) V. fabu 

Lentil Lom esenlcnta 

Narrowleaf vetch , Vida aiitnistifoHa 

Purple vetch V. atropurpurea 

Sweet pea Lathynis odoratus 

It should be understood that tlie iivranfreiuent of le^rume bacteria 
given above is based upon ability to cause nodules to form and that, 
in view of the fact that eflRcioncy in the matter of fixing nitrogen 
from the air is largely due to a delicate adaptation of the ovganisms 
to a particular host, it should not be taken for granted that the or- 
ganism of any of the species represented will be equally satisfactory 
for all the legumes in a group. Present knowledge leads to the sug- 
gestion that, whenever obtainable, a culture containing strains spe- 

u P!ii'tic"lar legume should be used. If they are not avail- 

able, the relationship shown in the foregoing groups is useful in 
making selections that may be satisfactorj'. 

NATURAL SOURCES Ot iM^U^E BACTERIA 

Thfc moYfc or 5ess col^tiimo\AS gvwNinj: of v^v<,\iu {eu;umiuous crops 
helps to maintain the legume bacteria 'population. 'LikoAvise. wild 
legumes are rcspousibJo for the eontinued presence of cortaij) ]errnme 
ovganisms in soils. The cowpen, fov Instance, is related, fi-om a 

Mdule-bacteria standpoint, to many of the wild legumes in the 
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South and therefore it is quite coimnoiily planted without inocnlut 
ing. On t]ie other ]iund, since soyhenn biicteria are peculiarly adapted 
o soybean varieties only, it is not infrequent that crops of this legume 
are found without nodules on the roots. 

Under conditions in Avhich tlie legume will mak'e reasonable growth 
nodn e bacteria do not disa])pear with the crop. By the decav of 
nodules, legume bacteria are returned to the soil and even in^the 
absence of the lepme may remain there for many years under favor- 
able envn-onmeiit. Considering soils in general/it seems safe to say 




FIGURE 6.-N.nlegun>e nodules: A. Prom Cycas\p,,[,, ;ZXommae«^m, Zcie.'^ 



by fria o/amrtic n^^^^? ^'^^ ^ determined only 

uy II laj 01 a pai ticular crop upon a particular soil 

by mfanTof water S^' transferred from one region to another 
insects etc tl, V ^5^"?'' iniplements, birds, seeds. 

Siided uDo t^^^ ransference cannot ordinarily be 

wiSKhT^^^^^^ the organLs. 

depends npon the environment 

ARTIFICIAL PROPAGATION OF NODULE BACTERIA 

noJ^le^and'istellSin^f'^' ^* /f possible to remove bacteria from 
soT Bacterk s?iSiw «"ier bacteria common to plants and 

me It of the fact that itSif'' ^'''^ '^"^^nres. The establish- 

especia ly on il^^^^ «r the growth of legumes, 

to certaii legimes oi ly that thev ofL ' ^T' 'adaptations 
they cannot^ive sati^lS^^^^^i^ t ^ ^i^ffi ™ 
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culture and tested for efficiency in nitrojren fixation, and that thoy 
can be propagated to almost any de<rree is roRponsiWe for the estah- 
lishnient of hiboratories to prodnce them in Inrjre quantities, liac- 
teria for practical purposes ai-e commonly designated as inocnlants 
or inoculating material, bnt in seed and oth&v Stores tJiey im sold 
under various trade names. 

To produce satisfactory inoculating material for legumes requires 
specialized training aud'cxiHU-ii'nce, as well as adequate laboratory 
equipment for preparing and controlling production. The jircpara- 
tion of cultures of legnme bacteria should not be attempted by those 
without experience or training. The usual process of preparing in- 
oculating material for agricultural i)nr])osos consists essentially in 
selecting and propagating efficient strains of nodule bacteria. Some 
commercial material is marketed in the form of pure cultures on agar 
(jelly) in bottles, while much of it is in moist peat or simihir sub- 
stances in various types of cans and Iwxes. Agar and powder culturos 
of legume bacteria are illvist^ratod in figure 7. 

NONLEGUME INOCULANTS INEFFECTIVE 

The unfolding of the relationship between legumes and bacteria 
prompted scientific atteuipts to adapt organisms to nonlcgumcs, Init 
the many efforts in this direction h»ve been without practical sig- 




FiauEE 7. — Common types of carriers for legum* b.ictorla: .1. Molut pow(l»r; Ji. airar. 



nificance up to the present time. Despite these negative results, there 
is an occasional promotion of luoculants for the treatment of non- 
legumes. These materials are usually made according to a secret or 
patented formula. The fact that a preparation is patented is not a 
guarantee of merit. In the last 30 ye«rs a number of iionlegiime in- 
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oculants of different origin and composition have been examined 
and none have been found to be worthy of practical application ' 

Certain beneficial soil bacteria are necessary for nonie<»-uines but 
fortunately they are universally present in most agricultural soils 
boils may be rei)lenished with these bacteria and their activities in' 
creased by the addition of a liberal supply of organic matter such 

stable or greeu manure. It is better to depend upon established 
fanning pnictices to preserve fertility than to spend monev' for 
expected ' ^^'^^"^^^ ^""^^ or no response can be 

IS INOCULATION NECESSARY? 

In areas planted to tJie same legume every year and consistentlv 
1 loduciiig satisfactory crops, inoculation has often failed to show 
discernible advantage. It ai)i)ears that in such soils there are fre- 
quently abundant organisms of the right kind for inoculation. To 
test such soil for the preson-p of thoso oiiriuiism^. i)art of the field 



Xfs^iliSt-f/;- ^'^^ ^^'^thout inoculation. If the 

1 fLSsfn ilfe f f?"'^' P^'^^ence of nodules on 

o'Vthe W^^^^^^^^^^^ '''^'^'''^^ i» tl^e other area, 

K the nee 1 of i^^^^^^^^^ °* jl^' inoculated area, will 

weU • 1 d hnvP I ,P'«"^" both areas grow equally 

It i-en2es at leSf^". root iioduJes, inoculation is mmecessary. 

cletLmiliation. ^"'"''''"^ ""^'^^ ""^^^ experimental 

strSilmm-ovl'!;?f -^^^^ ^''"1"*'*^^' «'-g«'»sms already present, a 
rsSet cultuT'f;^ T^' ^o>"etimes be obtainid by using 

u sciecieu cuituie, as is sho\\n m fitnwe 8 j » 

years%rellTeir'.nZdn ^'T °" "le field for several 

ini ma eri?l leal W ^^^^^^ T''^ artificially pi-epared inoculat- 

ing mateiial, leaving only a small but repmsentative plot uninocu- 
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lated for test purposes. The contrast developed in such a test is 
shown by figure 9, in which the check plot is piiler in color and pro- 
duced much less forage than the inoculated plots on either side. 

The experience of other legume growei-s in the same neighborhood 
often furnishes a valuable guide in handling a particular soil type. 
The county agriculUii-al n^ent is ofteli espediilly fitted to fifs ad- 
vice based upon wide experience with legumes in tlie wliole ai-eft. 

CONDITIONS THAT AFFECT LEGUMC BACTERIA 

Under natural conditions of competition between inhabitants of 
the soil, legume bacteria have an advantage by their sequestration 
in nodules from time to time. Without this association, the nodule 
bscteria must meet adverse soil conditions successfully if they are to 
survive. Conditions essential to the satisfactory growth of legumes 
must be fulfilled before maxinmna rosiilts with niooula>tioii o»n be 




FiscM ». — Inoculated aBcl uiKnoculnted soybeans; the IlKlit-colorcd center strip 11 

without nodules. 



' expected. The principal requinnneuts are the proper preparation of 
i the soil, healthy adapted viable seed, and mi ayiulaljle supply of lime, 
1 phosphorus, and potash in the soil. 

f Cultures of nodule bacteria arc alive and should be treated as 
living things. They will tolerate low temperatures much better than 
high ones. If exposed to a heat that is unbearable by man, or even 
uncomfortable, the efficiency of the bacteria may be impaired. In- 
oculating material should be stored in a cool place until used. 

Although legume bacteria will tolerate sunlight to some degree, 
unnecessary exposures either of the unopened containers or of the 
seed that has been treated should be avoided. Bacteria when dried 
on seed soon die. If conditions require that inoculated seed be kept 
a Week or 10 days, it is advisable to reinoculate. For this reason the 
purchase of preinoculated seed is inadvisable. 
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Seed treated with legume bacteria should not come into direct 
contact with caustic lime, seed disinfectants, or concentrated fer- 
tilizers. Ordinarily, not much liann is to be expected from sowing 
inoculated air-dried seed and fertilizer from their respective drill 
compartments through the same tubes. Appreciable injury may 
occur if the seed is sown in a damp state with fertilizer. The ob- 
vious procedure in such cases is to drill fertilizer and seed at differ- 
ent times. 

Once nodule bacteria are in the soil, they are subject to the condi- 
tions existmg there; if the reaction of the soil is suitable and suffi- 
cient moisture and plant food are pi-esent, they sliould function 
normally. Acid soils, in accordance with the degree of acidity and 
the ability of the nodule bacteria to tolerate this condition, tend to 
eliminate these organisms. Xodule Ijacteria of alfalfa, sweetclover 
red clover, and vetch are representative of those tliat are not very 
acid-tolerant, while soybean, velvetbean, cowpea, lespedeza, and 
lupine bacteria belong to the acid-tolerant types. 

It is desirable that fresh inoculating materials be obtained when- 
ever possible. On packages of commercial material it is usually cus- 
tomary to designate a period of usefulness for the bacteria after 
which they should not be used. In purchasing inoculants, be sure 
that they are labeled by the manufacturer for the legume to be 
planted and that they are well within their efficient p^i^. 

METHODS OF APPLYING BACTERIA TO SEED AND SOIL 

A procedure for treating seed -with inoculation, to be satisfactory 
must place the bacteria where the roots begin to form. Usually each 
package of inoculant contains directions for use. These should be 
followed explicitly, because they represent the experience of the 
manufacturer with his product. If. as a result of treatment, the 
seed swells slightly, causing the rate of planting to decrease, the 
seeding apparatus may be adjusted to deliver seed faster to com- 
pensate for this retardation. 

Although at one time advocated as the principal means of secur- 
ing inoculations for new areas, the transfer of field soil has been 
largely superseded by packaged cultures, which are easy to transport 
and apply and which, if properly made and handled, usually give 
satisfactory results. If transfer of field soil seems desirable, it 
should be collected from a field known to contain the proper organ- 
isms and to be free from crop diseases. The soil is sieved and drflled 
on the held like fertilizer. In small quantities it may be mixed 
with the seed with or without liquid and sown with them. 

Under some conditions it is desirable to treat a crop already 
planted. This may be accomplished by drilling, preferably just 
before a j-ain, naturally inoculated soil or soil mixed with artificially 
prepared moculants. If it can be done without injury to the crop, 
the inoculating material shonkl be incorporated in the soil, since 
legume bacteria travel very slowly and in close-textured soils may 
stay where they are dropped. 

Legume bacteria cultures are ordinarily maintained in moist ear- 
ners and are applied to seed with the addition of water. Drying 
is detrimental to these organisms. Hence after inoculation prompt 
planting is necessary. For a few years inoculants for use without 
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water have been sold ; they have been found less consistently satis- 
factory than comparaJble ra«teriRls applied wit-h water. 

TESTING LEGUME INOCULANTS 

For the protection and guidance of farmers and others, a few 
States and the United States Department of Agricultui-e inspect 
commercial inoculating materials erery y©*r. Siwnples of eftch brsnd 
of materials for the common leguminous ci'0l>s we collected from 
various sources in the United States and tested for ability to pro- 
duce nodules and to stimulate plant growth. 

With some legumes, principally soybeans, peas, and alfalfa, it is 
sometimes possible to find field soils free from their nodule organ- 
isms; and, as shown in figure 10, striking results are sometimes 
obtained. However, the lack of iiiwnratwe that the i-esults will be 




FlOnsE 10. — 6, Inefficient cultures produce yeUowlsh pinnts (center), while a nnil o. good 
Inoculants, Kive plant* a dnrk green color (right nnd left). 



1 conclusive in the field makes it advisable to use greenhouse tests, 
i since under these conditions a better control may be had over the 
j rarious factors. Briefly, the process of testing consists of inocu- 
I lating seed according to directions and planting in sterile sand. 

Great care is necessary to prevent the entrance of nodule bacteria 
I from without and the transfer of bacteria from one pot to another. 
When a culture under these conditions does not produce nodules it 
IS considered unsatisfactory. 
I Pure cnltnres may be tested for efficiency by greenhouse te^ts, 
' and selections of superior organisms may be'inade from the results 
obtained. As among other living things, there are found in the 
nodule bacteria family drones or parasites, moderately efficient 
cultures, and those that are exceptionallv effirieiit. Nodule bacteria 
cultures of varying degrees of efficiency may produce nodules, but 
the effect on the plant may be great, little, or' detrimental, in accord- 
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aiice with the quality of the nfenns that caused them. Althoufrh 
apparently of rather rare oot iirrenre, harmful legume bacteria have 
been reported. The effects of harmful bacteria will be noted in the 
crop Hence, if in greeahouf* tests a culture causes nodul«s to form 
but tails to cause proper plant growth iii coiB«-^i with other 
cultin-es, It IS regarded fts iijlsatisfactory, , 

FERTILIZING VALUE OF LEGUMES 

Much nitrogen is added to the soil by the use of legumes as oreen 
manure crops and, m a lesser degree, by careful preservation and 
return to the soil of manures from feeduig harvested legumes Just 
what quantity of nitrogen may be brought to the soil by eitfe 
means depends upon many factors, important among which are 
climate, the physical and chemical condition of the soil, its richness 
111 elements necessary for grmyth, the quality and variety of legume 
effilF'^^TV"'^ I S adaptability to the soil and ^imate, and the 
efliciency of the nodule organisms. f 

However if a crop of legumes is removed, mu^^h^rogen "oes 
with 1 and the benefit to the soil derived from the le^mMepelS 
upon tlie amount of nitrogen in the stubble and rootl Tlifs mav 
vary considerably according to conditions of gi-owth, but it is rougWv 
estimated that the roots and, stubble may represent from oiile^Sith 

,«n.lf'^''"f Si»ce the top growth i 

usua ly richer m nitrogen than the roots, even if one-thiT-d of the 
p aiit IS represented by roots and stubble, less than one-third of h 
nitrogen is left m the soil. In addition to supplying some organic 

.^1^" "^^irve the 'pk/sica^l condi?ifn o 
tlie soil and m decaying stimulate the activities of other bacteria 
tS are esseutial to keep the soil in condition for plant growtli 
The value of legumes for forage, seed, food, industrial purposes 
and soil enrichment has caused them to be pli^nted wide y^ ibmit 
oO million acres in the United States are devoted each year to the r 
Sid 9 !;nr^ 'V' 'i'"^^''^' '^''y ^°'^^"bute aim aify between 
S the te"^ ^Tf " • T-"''l ^'y^^ ^'^f Since much^ of the soil 
111 tlie United States is losing tertihty through overcroppinc to crons 

S soi C if/v '''' that,li?thVfntereS 

ot soil-teitility maintenance, greater areas should be planted to 
egumnious crops m the future, and nodule bacteria wiH play an 
important i-ole in insuring the highest efficiency from these crSps 
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